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Rapamycin can inhibit fibroblast proliferation, collagen accumulation, and urethral stricture in rabbits. Transforming growth
factor-beta-1 (TGF-𝛽1) signaling, with downstream recruitment of Smad2, is known to promote fibrosis. This in vitro study
examined the effects of rapamycin on fibroblasts derived from human urethral scar tissue (FHUS) and investigated the possible
mechanism with respect to regulation of TGF-𝛽1 signaling. FHUS were cultured from urethral scar tissues collected from four
patients with urethral stricture. The cells were exposed to different concentrations of rapamycin (0, 10, 20, 40, 80, or 160 ng/ml)
for 24 or 48 hours. Cell growth was assessed by the MTT assay. Collagen content was measured based on hydroxyproline levels.
The mRNA expressions of Smad2, eIF-4E, and alpha-1 chains of collagen types I and III (Col1𝛼1 and Col3𝛼1) were determined
by semiquantitative reverse-transcription PCR.The protein expressions of Smad2, phospho-Smad2, and eIF-4E were evaluated by
western blot. Rapamycin caused a concentration-dependent inhibition of FHUS growth at 24 and 48 hours (𝑃 < 0.01). Rapamycin
decreased total collagen content (𝑃 < 0.01), collagen content per 105 cells (𝑃 < 0.05), and mRNA expressions of Col1𝛼1 and
Col3𝛼1 (𝑃 < 0.05) in a concentration-dependent manner. Rapamycin elicited concentration-dependent reductions in the mRNA
(𝑃 < 0.05) and protein (𝑃 < 0.01) expressions of Smad2 and eIF-4E. The two highest concentrations of rapamycin also enhanced
phospho-Smad2 levels (𝑃 < 0.01). In conclusion, the present study confirmed that rapamycin may reduce the growth and collagen
production of FHUS, possibly through inhibition of TGF-𝛽1 signaling.

1. Introduction

Urethral stricture is a common problem in men, with a re-
ported prevalence of 229–627 per 100,000 males [1]. Urethral
stricture has a negative impact on quality of life and exacts
an important economic burden [2]. The etiology of urethral
stricture is iatrogenic or idiopathic in around two-thirds of
cases, with less common causes including trauma, infection,
and chronic inflammation [3, 4]. Surgery is the main treat-
ment method for urethral stricture [5, 6]. The surgical tech-
niques used vary widely from dilation to endoscopic internal
urethrotomy and urethroplasty, depending on the length
and location of the stricture and the experience of the sur-
geon [5–8]. Nevertheless, multiple complications can occur
even when the most appropriate surgical technique is used,
with disease recurrence being the most common complica-
tion [9]. The occurrence of postoperative complications can

make subsequent diseasemanagementmore complex, and re-
peat surgery for disease recurrence is associated with worse
outcomes [9]. Thus, the management of urethral stricture
remains a surgical challenge.

Thepathogenesis of urethral stricture involves the process
of fibrosis, characterized by overproliferation of fibroblasts
and excessive secretion of extracellular collagen, with a
change in the relative abundance of collagen types I and III
(COL-I and COL-III) [10, 11]. The transforming growth fac-
tor-beta-1 (TGF-𝛽1) is believed to play an important role in
the fibrosis underlying urethral stricture as it can directly
stimulate fibroblasts to increase the secretion of collagen
[12, 13] as well as inhibit the growth of epithelial cells. The
downstream signaling pathway of TGF-𝛽1 involves the Smad
family of transcriptional activators, with Smad2 and Smad3
playing important roles in fibrosis [14]. The eukaryotic
translation initiation factor 4E (eIF-4E) is a rate-limiting
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component of the eukaryotic translation apparatus that has
been reported to be a translational coactivator of TGF-𝛽 sig-
naling [15].

Rapamycin is a selective inhibitor of the mammalian tar-
get of rapamycin (mTOR). Rapamycin has a powerful inhi-
bitory effect on cell proliferation and has been used in cancer
therapy and for immunosuppression after transplantation.
Recently, rapamycin has been shown to prevent fibrosis in
various fibrotic diseases [16]. Furthermore, our previous
study demonstrated that rapamycin could inhibit urethral
stricture formation in rabbits and that this effect was associ-
ated with reductions in fibroblast proliferation and collagen
accumulation [17]. Therefore, the aims of the present study
were to determine the effects of rapamycin on fibroblasts
derived from human urethral scar tissue (FHUS) in vitro and
to explore the mechanisms underlying the observed effects.

2. Materials and Methods

2.1. Ethics Statement. This studywas approved by theMedical
Ethics Committee of Xi’an Jiaotong University and carried
out in strict accordance with the recommendations in the
Guide for the Medical Ethics Committee of Xi’an Jiaotong
University. According to the guidelines of the Second Affil-
iated Hospital of Xi’an Jiaotong University, our study met
the requirements for exemption from informed consent.
Nonetheless, all patients agreed that urethral scar tissue
that was excised during their surgical treatment for urethral
stricture could be used for medical research.

2.2. Cell Culture and Experimental Grouping. FHUS were
isolated, cultured, and identified as previously described
[18]. Urethral scar tissues from four patients were collected
after agreement of the patients. The four patients (dates of
surgery, resp.: 2016-1-5, 2016-1-18, 2016-3-17, and 2016-3-18)
were treated surgically (excision and primary anastomosis)
for bulbous urethral stricture at the Department of Urology,
the Second Affiliated Hospital of Xi’an Jiaotong University,
China. Briefly, urethral scar tissue was isolated, washed in
phosphate-buffered saline (PBS), cut into 1-mm3 pieces, and
seeded and maintained in tissue culture dishes. FHUS were
isolated by trypsinization and cultured by further passage in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco, USA)
containing 10% fetal bovine serum (FBS; Gibco, USA).

Cells at passages 3 to 6 were identified by immunocyto-
chemistry for the fibroblast marker vimentin and used for
further study. The cells were allocated to six experimental
groups based on the concentration of rapamycin (Sigma,
USA) administered: 0 (control group), 10, 20, 40, 80, and
160 ng/ml. All cells were cultured in the presence of FBS.
All subsequent experiments were performed at least three
independent times in each of the four cell lines.

2.3. Immunocytochemistry. FHUS were fixed in 4% parafor-
maldehyde for 30min at 25∘C. Following fixation, cells were
permeabilized with 0.3% (v/v) Triton X-100 in PBS and then
blocked with 5% bovine serum albumin. Next, the cells
were incubated with the anti-vimentin monoclonal antibody

(1 : 100; cat number ab8978; Abcam, Cambridge, UK) at 37∘C
for 1 h and then incubated with the secondary antibody
for 30min at room temperature (1/1000; Zhongshan Golden
Bridge Biotechnology Co., Ltd., Beijing, China). The slides
were examined using a Nikon DS-Ri1 Eclipse microscope
(Nikon, Tokyo, Japan).

2.4. Cell Viability. The cells were incubated with various
concentrations of rapamycin for 24 or 48 h in the presence
of FBS. At the end of the incubation in rapamycin, the cells
were washed with PBS (pH 7.4) and incubated for 4 h in
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) solution (Boster Biological Technology Co. Ltd,
China). Then, 1ml of dimethyl sulfoxide (DSMO) was added
and the absorbance at 570 nm (A570) was measured using
an ultraviolet spectrophotometer (BMGLabtechnologies Pty.
Ltd., Australia Pacific Head Office). DMSO alone was used as
blank.The rate of inhibition of cell growth for the rapamycin-
treated cells was calculated using the following formula:

Cell growth inhibition rate

= (1 − A570 of rapamycin-treated cells
A570 of control group )

× 100%.
(1)

2.5. Evaluation of Collagen Expression. Collagen content was
measured based on the levels of hydroxyproline, its major
component [19]. Cells (3 × 105) were seeded in each plate
well and cultured for 24 h in the presence of FBS. The cells
were then incubated for 48 h with differing concentrations
of rapamycin. At the end of incubation in rapamycin, the
supernatant was collected and the hydroxyproline content
of the supernatant was determined using a hydroxyproline
enzyme-linked immunosorbent assay (ELISA) kit (Jiancheng
Bioengineering Institute, China), in accordance with the
manufacturer’s instructions. The cells in each well were
digested by the addition of 0.5ml of 0.25% trypsin and then
counted, allowing collagen production per 105 cells to be
calculated.

2.6. Western Blot. Western blot was performed to evaluate
the protein expressions of Smad2 and eIF-4E as well as the
Ser465/467 phosphorylation levels of Smad2. FHUS were
cultured in 6-well plates for 24 h in the presence of FBS and
then exposed to various concentrations of rapamycin for 48 h.
Proteins were extracted using radioimmunoprecipitation
assay buffer (Fastagen, China). Samples containing 50 𝜇g of
protein were separated on 4–20% gradient gels using sodium
dodecyl sulfate-polyacrylamide gel electrophoresis, and the
separated proteins were transferred to polyvinylidene difluo-
ride membranes. The membranes were incubated overnight
at 4∘C with primary antibody against Smad2, phospho-
Smad2 (Ser465/467), eIF-4E, or 𝛽-actin (1 : 500; Cell Sig-
naling Technology, USA). After incubation, the membranes
were washed and incubated with the secondary antibody
(1 : 1500; ZsBio, China) for 1-2 h at room temperature. The
datawere analyzed using Image Studio Lite Software (LICOR,
Homburg, Germany). 𝛽-Actin served as loading control.
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Figure 1: Primary culture of fibroblasts derived from human urethral scar tissue (FHUS). (a) Long, spindle-like cells surrounded the scar
tissue after 1 week of tissue culture. Magnification: 40x. (b) A swirl-shaped arrangement of cells was evident after 3 weeks of tissue culture.
Magnification: 40x. (c) Immunostaining for vimentin resulted in the staining of filaments within the cytoplasm, indicating that the cells were
fibroblasts. Magnification: 400x.

2.7. Semiquantitative Reverse-Transcription Polymerase Chain
Reaction (RT-PCR). RT-PCR was employed to detect the
mRNA transcription of Smad2, eIF-4E, Col1𝛼1 (which
encodes the pro-alpha-1 chain of procollagen type I), and
Col3𝛼1 (which encodes the pro-alpha-1 chain of procollagen
type III). After treatment for 48 h with various concentra-
tions of rapamycin in the presence of FBS, the FHUS were
harvested and the RNA was extracted using TransZol UP
(Transgen Biotech, China), in accordance with the man-
ufacturer’s instructions. First-strand cDNA synthesis was
performed with oligo (dT) primers using EasyScript� RT/RI
Enzyme Mix (Transgen Biotech, China). PCR was per-
formed with an iQ5q-PCR instrument (Bio-Rad, USA) using
TransTaq�HiFi PCR SuperMixII (Transgen Biotech, China).
The PCR conditions were 94∘C for 2min, 35 cycles at 94∘C
for 30 s, 55∘C for 30 s and 72∘C for 40 s, and 72∘C for
10min. The primers used for the PCR reactions are shown in
Table 1. Relative quantification of cDNA was carried out
using agarose gel electrophoresis.ThemRNA levels were nor-
malized to that of𝛽-actin, whichwas used as the internal con-
trol.

2.8. Statistical Analysis. Statistical analysis was carried out
using SPSS 15.0 (SPSS Inc., USA). Normality and homogene-
ity of variance were evaluated prior to statistical analysis.
Normally distributedmeasurement datawith homogeneity of
variance were expressed as mean ± standard deviation (SD).
Comparisons between multiple subgroups were performed
using one-way analysis of variance (ANOVA) with the
Student-Newman-Keuls post hoc test. Statistical significance
was determined as 𝑃 < 0.05.

3. Results

3.1. Primary Culture and Identification of FHUS. After 7
days of tissue culture, long spindle-like cells were observed
around the edge of the urethral scar tissues (Figure 1(a)).
These cells proliferated and spread along the wall, to which
they adhered. Growth was stopped by contact inhibition.
After 3 weeks of culture, the cells covered more than 80%

of the view and were arranged in a swirl-shape (Figure 1(b)).
Immunocytochemistry for vimentin resulted in the staining
of filaments within the cytoplasm, indicating that the cells
were fibroblasts (Figure 1(c)).

3.2. Rapamycin Inhibits the Growth of FHUS. FHUS were
exposed to six different concentrations of rapamycin (0, 10,
20, 40, 80, or 160 ng/ml), and the MTT assay was used to
determine whether rapamycin inhibited cell growth during
culture for 24 or 48 h. Rapamycin caused a concentration-
dependent inhibition of FHUS growth at both 24 hours and
48 h (Figure 2), with cell growth significantly reduced at all
concentrations of rapamycin (10–160 ng/ml) compared with
the control (0 ng/ml) (all 𝑃 < 0.01).
3.3. Rapamycin Inhibits Collagen Production by FHUS.
Rapamycin (10–160 ng/ml) caused a clear inhibition of colla-
gen production by FHUS (based onmeasurements of hydrox-
yproline levels), with concentration-dependent decreases in
both total collagen content (𝑃 < 0.01 versus control for all the
other rapamycin concentrations; Figure 3(a)) and collagen
content per 105 cells (𝑃 < 0.05 versus control for all the other
rapamycin concentrations; Figure 3(b)). In addition, semi-
quantitative RT-PCR revealed that rapamycin elicited a con-
centration-dependent reduction in the mRNA expressions of
both Col1𝛼1 and Col3𝛼1 (𝑃 < 0.05 versus control for all the
other rapamycin concentrations; Figure 4).

3.4. Rapamycin Decreases the Expressions of Smad2 and
eIF-4E in FHUS. Semiquantitative RT-PCR showed that
rapamycin reduced the mRNA expressions of Smad2 and
eIF-4E in a concentration-dependent manner (𝑃 < 0.05
versus control for all the other rapamycin concentrations;
Figure 4). Western blot demonstrated that rapamycin caused
concentration-dependent downregulation of the expressions
of Smad2 and eIF-4E proteins (𝑃 < 0.01 versus control for all
the other rapamycin concentrations; Figure 5). At the two
highest concentrations (80 and 160mg/ml), rapamycin also
decreased the levels of phospho-Smad2, which indicates an
inhibition of TGF-𝛽1 signaling.
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Figure 2: Rapamycin inhibits the growth of FHUS. FHUS were exposed to six different concentrations of rapamycin (0, 10, 20, 40, 80, or
160 ng/ml) for either 24 or 48 h. The MTT assay was used to identify viable cells, and the cell growth inhibition rate was calculated as (1 –
A570 of rapamycin-treated cells/A570 of control group) × 100%. Rapamycin caused a concentration-dependent inhibition of FHUS growth
at 24 (a) and 48 (b) h. Data shown as mean ± standard deviation (𝑛 = 4 cell lines from four patients). ∗∗𝑃 < 0.01 versus the control group
(0 ng/ml rapamycin).
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Figure 3:Rapamycin decreases collagen production by FHUS. Collagen production by FHUS, based onmeasurements of hydroxyproline levels
(enzyme-linked immunosorbent assay). FHUS were exposed to six different concentrations of rapamycin (0, 10, 20, 40, 80, or 160 ng/ml) for
48 h. (a) Concentration-dependent effects of rapamycin on total collagen production. (b) Concentration-dependent effects of rapamycin on
collagen production per 105 cells. Data shown as mean ± standard deviation (𝑛 = 4 cell lines from four patients). ∗𝑃 < 0.05, ∗∗𝑃 < 0.01
versus the control group (0 ng/ml rapamycin).

Table 1: Primer sequences used for RT-PCR.

Gene F/R primer 5󸀠 to 3󸀠 Product length

𝛽-Actin F AGCTACGAGCTGCCTGACG 408 bp
R GCATTTGCGGTGGACGAT

Col1𝛼1 F GTGAGACAGGCGAACAGG 146 bp
R GACCAGCAGGACCAGAGG

Col3𝛼3 F TGCTCCTGGTAAGAAATGG 129 bp
R GCCTTGTAATCCTTGTTG

eIF-4E F ATCAAATGCCAAGGGAAACTGGTT 125 bp
R TGCAGTGATATCGGACCTAGTTTT

Smad2 F TGGGATGGAAGAAGTCAG 95 bp
R AAGTGCTTGGTATGGTAAC
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Figure 4: Rapamycin decreases the mRNA expressions of Smad2, eIF-4E, and the alpha-1 chains of collagen type I and collagen type III (Col1𝛼1
and Col3𝛼1) in FHUS. The mRNA expressions of Smad2, eIF-4E, Col1𝛼1, and Col3𝛼1 were determined by semiquantitative RT-PCR using
agarose gel electrophoresis, with 𝛽-actin as internal control. (a) shows representative blots illustrating the effects of various rapamycin
concentrations on the mRNA expressions of Smad2, eIF-4E, Col1𝛼1, and Col3𝛼1. (b) contains quantified data showing the concentration-
dependent effects of rapamycin on the mRNA expressions of Smad2, eIF-4E, Col1𝛼1, and Col3𝛼1. Data shown as mean ± standard deviation
(𝑛 = 4 cell lines from four patients). ∗𝑃 < 0.05 versus the control group (0 ng/ml rapamycin).

4. Discussion

The main finding of our research was that rapamycin inhib-
ited the growth of FHUS and reduced the expression of
collagen by FHUS in a concentration-dependent manner. In
addition, rapamycin caused concentration-dependent reduc-
tions in the mRNA and protein expressions of Smad2 and
eIF-4E, and the two highest concentrations of rapamycin
reduced the levels of phospho-Smad2 (i.e., activated Smad2).
Since activation of Smad2 is established as a downstream
effector of the TGF-𝛽1 signaling pathway and since eIF-4E is a
translational coactivator of TGF-𝛽 signaling [15], our data are
consistent with the possibility that rapamycin reduces FHUS
growth and collagen production, associated with inhibition
of TGF-𝛽1 signaling.

Our previous study found that rapamycin could inhibit
the formation of urethral stricture in rabbits [17]. In the
current in vitro study, we verified the effects of rapamycin
with various concentrations, focusing on FHUS, the primary
fibroblasts from human urethral scar tissue. Our results
demonstrated that rapamycin significantly inhibited FHUS
growth in a concentration-dependent manner, supporting
our previous study [17]. This suggests that the inhibition of
fibroblasts by rapamycin might not be species-specific. Our
finding that rapamycin inhibits the growth of FHUS cor-
roborates the possibility that rapamycin or its analogs could
potentially be used clinically as effective inhibitors of human
urethral stricture formation.

Collagen is the main component of urethral scars and
rapamycin is known to attenuate collagen expression in a
variety of fibrotic diseases. Tamaki et al. [19] found that rapa-
mycin could regulate the deposition of COL-I in the extra-
cellular matrix through inhibition of COL-I synthesis and
promotion of COL-I degradation. Consistent with this pre-
vious investigation, our results indicated that rapamycin

evoked concentration-dependent reductions in total collagen
production andmRNA expressions of Col1𝛼1 (which encodes
the pro-alpha-1 chain of procollagen type I) and Col3𝛼1
(which encodes the pro-alpha-1 chain of procollagen type III)
by FHUS. Additionally, by quantifying collagen production
per 105 cells, we demonstrated that the attenuation of collagen
production by rapamycin not only was due to inhibition
of cell growth (and thus reduced cell numbers compared
with the control) but also occurred at the level of individual
cells. We hypothesize that rapamycin might decrease cellular
metabolic activity without causing cell death, which would be
consistent with a recent study of the effects of rapamycin on
human foreskin fibroblasts [20].

It is well known that rapamycin binds to mTOR, a key
component of mTOR complex-1 (mTORC1), and leads to
functional inhibition of mTOR kinase [21]. mTORC1 pro-
motes mRNA translation via phosphorylation of its effectors,
ribosomal protein S6 kinase-1 (S6K1), and eIF-4E binding
protein-1 (4E-BP1) [22]. Of the two pathways recruited by
mTORC1, a recent study indicated that the 4E-BP1/eIF4E
pathway may be the most important modulator of collagen
expression, with the S6K1 pathway having a minimal effect
[23]. eIF-4E, an important component of the translation
initiation complex, is normally bound and negatively regu-
lated by 4E-BP1. mTORC1 phosphorylates 4E-BP1, resulting
in dissociation of 4E-BP1 from eIF4E, activation of eIF4E,
and promotion of translation. The reductions in the mRNA
and protein expressions of eIF4E in rapamycin-treated FHUS
observed in the present study are consistent with our current
understanding of the mTOR signaling pathway.

TGF-𝛽 is a cytokine widely expressed in fibrotic disor-
ders.During the process of urethral stricture formation, TGF-
𝛽 is thought to play a critical role in the viability and migra-
tion of urethral fibroblasts [13] and collagen expression [12].
TGF-𝛽 signals via types I and II receptors (transmembrane
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Figure 5: Rapamycin decreases the protein expressions of Smad2 and eIF-4E and the levels of phosphorylated Smad2 in FHUS. The protein
expressions of Smad2 and eIF-4E and the levels of phospho-Smad2 were measured using western blot, with 𝛽-actin as internal control. (a)
shows representative blots illustrating the effects of various rapamycin concentrations on the levels of eIF-4E, Smad2, and phospho-Smad2
proteins. (b) quantifies the concentration-dependent effects of rapamycin on the protein expressions of Smad2 and eIF-4E. (c) shows the
concentration-dependent effects of rapamycin on Smad2 phosphorylation. Data shown as mean ± standard deviation (𝑛 = 4 cell lines from
four patients). ∗∗𝑃 < 0.01 versus the control group (0 ng/ml rapamycin).

serine/threonine kinases) ultimately phosphorylate receptor-
activated Smad2 and Smad3. Crosstalk between the TGF-
𝛽/Smad and mTOR pathways was recently discovered, with
TGF-𝛽 found to promote collagen production through acti-
vation of mTORC1 [24–26]. Our recent study revealed that
the expression of TGF-𝛽 itself was not affected by rapamycin
[27]. There is reason to believe that mTORC1 may be an up-
stream regulator of Smad. Our results provide evidence that
rapamycin downregulates Smad2 at both themRNA and pro-
tein levels and reduces Smad2 phosphorylation at Ser465/467.
Phosphorylation of Smad2 at Ser465/467 by the activated
TGF-𝛽 receptor is an important component of the TGF-
𝛽1 signaling pathway [28]. Phosphorylated Smad2 forms a
complex with Smad4 that translocates into the nucleus and
regulates the transcription of target genes [14]. The phospho-
Smad2 level is thus widely used as an indicator of Smad2
activation and TGF-𝛽 signaling during fibrotic disease [29–
31]. A hypothesis consistent with our data is that inhibition
of mTORC1 by rapamycin led to attenuation of Smad2
activation by TGF-𝛽 signaling. Nevertheless, more studies are
needed to confirm our findings and test this hypothesis.

5. Conclusions

In conclusion, the current findings reveal that rapamycin can
inhibit FHUS growth and expression of collagen. The mech-
anism underlying these effects of rapamycin may involve
crosstalk between the mTORC1/4E-BP1 and TGF-𝛽/Smad
signaling pathways. Rapamycin or its analogs could poten-
tially be used clinically as effective inhibitors of urethral stric-
ture formation. Nevertheless, additional studies are required
to confirm and extend our findings and further investigate
the relationship between the mTOR and TGF-𝛽 signaling
pathways in urethral stricture formation.
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